Abstract. We present a comprehensive overview of particulate air quality across the five major Ground monitoring sites were classified according to site type: 1. township, 2. developed residential, 3. industrial, and 4. traffic. Annually averaged PM 10 concentrations in townships were found to be 78% higher than in industrial areas. During winter, PM 10 concentrations in townships 20 1 are 136% higher than in industrial areas. Monthly PM 10 and PM 2.5 concentrations reach annual maxima during winter at all sites except industrial areas. Diurnal profiles of PM 10 and PM 2.5 display maxima during morning (06:00-09:00 LT) and evening (17:00-22:00 LT) at nearly every site -especially during winter -which reflects the importance of domestic burning as a primary source of particles. Multi-year averages indicate that evening maxima at some township sites average in 25 excess of 400 µg/m 3 . These results from the urban/industrial Gauteng area quantitatively demonstrate that domestic burning in low-income areas results in frequent exposure to extremely high PM concentrations.
Introduction
The impacts of aerosols on human health, visibility, and climate are well-documented. There are a number of natural sources of dust, sea salt, sulfate, and organi aerosol, and anthropogenic aerosol primarily derives from fuel combustion. Combustion aerosol can be directly emitted as soot or 40 formed in the atmosphere through photochemical reactions that produce low-volatility, secondary sulfate, nitrate, and organic species that either nucleate to form new aerosol or condense onto existing particles. Exposure to particulate pollution is typically worst in urban areas, where anthropogenic emissions are collocated with high population density. The lowest-income fraction of the population tends to experience the worst air quality because the least expensive property (or land 45 available for informal settlements) is often close in proximity to major air pollutant sources like highways, power generation facilities, or industry. In developing countries, low-income households are significantly more likely to utilize non-electricity energy sources such as coal, wood, and paraffin (FRIDGE, 2004; Pauw et al., 2008) . Suboptimal burning conditions in domestic settings often result in large emissions of particulates and particulate precursors, leading to high concentrations of PM 50 (FRIDGE, 2004; von Schirnding et al., 2002; Yeh, 2004) . In South Africa, the highest concentrations of PM 10 and PM 2.5 are measured in townships and informal settlements during winter, when domestic burning is most prevalent for heating and cooking, and when emissions are confined in a shallow boundary layer (FRIDGE, 2004; von Schirnding et al., 2002; Yeh, 2004; Wichmann and Voyi, 2005) . A number of reports and peer-reviewed articles have sought to characterize air quality 55 in low-income areas of South Africa (e.g., Engelbrecht et al., 2000 Engelbrecht et al., , 2001 Engelbrecht et al., , 2002 FRIDGE, 2004; Pauw et al., 2008) , but these studies have typically been limited in geographic scope and have not characterized the major metropolitan centers where high densities of South Africans reside.
There is a wealth of remotely-sensed air quality information available from satellite platforms, and a number of studies have used aerosol optical depth (AOD or τ ) as a proxy for air quality 60 (Zhuang et al., 2014; Luo et al., 2014; Zhang et al., 2014; Qi et al., 2013; Massie et al., 2006; Kumar et al., 2013; Alam et al., 2011; Kaskaoutis et al., 2007; Carmona and Alpert, 2009; Guo et al., 2011; Marey et al., 2011; Sorooshian et al., 2011; Tesfaye et al., 2011; Sreekanth and Kulkarni, 2013; Singh et al., 2004; Crosbie et al., 2014) . AOD typically displays strong seasonality, with higher AOD observed during periods of peak photochemical production of secondary aerosol -except in 2014). While remotely-sensed AOD may provide an appropriate measure of air quality in some areas, its general applicability must be evaluated and caution must be exercised when attempting to 75 use column aerosol data as a surrogate for ground particulate concentrations.
Particulates measured at the ground in South Africa are predominately dust, industrial secondary sulfate, and secondary organics (Maenhaut et al., 1996; Piketh et al., 1999 Piketh et al., , 2002 Tiitta et al., 2014) , but significant attention has been paid to the impact of biomass burning on particulates in the country. Regional biomass burning in Southern Africa occurs from June to October (Cooke and Wilson, 80 1996) , and has been characterized extensively by the Southern Africa Fire-Atmosphere Research Initiative (SAFARI) studies of 1992 and 2000. SAFARI-92 and SAFARI-2000 results indicate that ransported smoke enhances AOD significantly in South Africa during August and September (Formenti et al., 2002; Campbell et al., 2003; Formenti et al., 2003; Eck et al., 2003; Ross et al., 2003; Magi et al., 2003; Winkler et al., 2008; Magi et al., 2009; Queface et al., 2011; Tesfaye et al., 2011;  85 Kumar et al., 2013) . The biomass burning emissions that most significantly impact South Africa originate in neighboring countries -particularly Zimbabwe and Mozambique ).
Because these emissions are transported in stratified layers aloft (Campbell et al., 2003; Chand et al., 2009 ), they may impact column aerosol properties such as AOD but not particulate concentrations at the ground.
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While transported biomass burning has been demonstrated to impact AOD seasonally, domestic burning -especially for heating and cooking during winter -is the source associated with the highest particulate concentrations in South Africa (Engelbrecht et al., 2000 (Engelbrecht et al., , 2001 (Engelbrecht et al., , 2002 . Despite work to characterize emission factors and ambient air quality impacts of domestic burning, studies have been limited in scale to the household or township level and have never considered the dynamics and 95 impact of domestic burning emissions across an entire major population center.
The objective of this work is to characterize aerosol properties in urban centers in South Africa using satellite and ground based measurements, and to determine whether remotely-sensed data may be used as a proxy for ground air quality in the region. First we present remotely-sensed and modeled column aerosol data related to total light extinction (AOD), particle size (Ängström Exponent, Satellite data are focused on the five metropolitan and industrial areas of South Africa with highest population density (Cape Town, Bloemfontein, Gauteng Province, Industrial Highveld Air Quality Priority Area or HVAPA, and Durban). We then investigate ground-based measurements of par-105 ticulate matter (PM 10 and PM 2.5 ) within the satellite study area that comprises the Johannesburg and Tshwane metropolitan areas (Gauteng Province) in order to understand seasonal, diurnal and regional trends in particulate concentrations across the primary environment types common to all major South African population centers: townships, urban/suburban residential areas, and industrial areas. We finally explore connections between remotely-sensed and ground data in order to deter-110 mine whether satellite-derived air quality parameters are appropriate surrogates for air quality at the ground in the South African context. This work expands on results from the SAFARI campaigns by investigating decadal averages in aerosol column properties during all seasons and across the country's major metropolitan areas. Further, it offers a quantitative treatment of particulate air quality characteristic of upper and lower income residential and industrial areas in the country. These 115 results are highly relevant to epidemiologists as well as community, industry, and government stakeholders aiming to understand and improve particulate air quality for South Africans.
Data and Methods
This study utilizes a combination of remotely-sensed and ground-based observations of atmospheric particulates across South Africa. Rather than define study areas based on large geographical re-120 gions that require significant data averaging (e.g., Tesfaye et al., 2011) , we focused our study of remotely-sensed data on five smaller study areas that comprise the five major metropolitan and centers of population density in South Africa (Cape Town, Bloemfontein, Gauteng Province, Industiral
Highveld Air Quality Priority Area or HVAPA, and Durban; Figure 1 ). We then utilized data from four networks of ground-based air quality monitoring from the South African Air Quality Informa-125 tion System (SAAQIS) for one of these study areas (Gauteng; see Table 1 ) in order to determine local and diurnal trends in PM 10 and PM 2.5 and to determine the extent to which remotely-sensed measurements of atmospheric particulates are able to capture trends in PM concentrations that are observed at the ground in densely-populated urban areas. When seasonal characteristics are described, southern hemisphere summer is defined as Dec-Feb (DJF), fall is Mar-May (MAM), winter 130 is Jun-Aug (JJA), and spring is Sep-Nov (SON).
Remotely-Sensed Aerosol Data
Remotely-sensed aerosol data from Moderate Resolution Imaging Spectroradiometer (MODIS) Version 5.1 , Multi-angle Imaging Spectroradiometer (MISR) Version 31 (Diner et al., 2001b,a) , and Total Ozone Mapping Spectrometer (TOMS) Version 8 (Herman et al., 1997) (Hsu et al., 2004) , which is based on a retrieval algorithm capable of distinguishing particles over bright land surfaces and returning AODs within 20-30% of ground-based sun photometers (Hsu et al., 2006 
Ground Data
Hourly ground-based air quality data were obtained from four different networks reporting to the South African Air Quality Information System (SAAQIS), all located within the Gauteng satellite 175 grid box. as per approval from each monitoring network, and were subject to data quality controls. Negative values were discarded, as well as "repeat" values with the same value given for many hours at a time.
Where > 30% of data points were missing over a given time-averaging period, data were discarded.
Meteorology Data
Hourly ground-based meteorology observations were obtained through the South African Weather predicted by GOCART are presented in Figure 2 . AOD is a measure of the reduction of intensity of light due to scattering and absorption of particles along path length, and is defined for a specific height (z) and wavelength (λ) according to the Beer-Lambert law:
where transmittance, or F (z,λ)/F T OA (λ), is the ratio of radiation intensity at height z to intensity at the top of atmosphere (TOA), for a given wavelength λ. Here, z is the entire atmosphere path length 220 between the ground and TOA, and λ is 550 nm for both MODIS platforms (Aqua and Terra) and 555 nm for MISR. For simplicity, MISR AOD (555 nm) has been converted to equivalent AOD 550 (e.g., Schmid et al., 2003) and simply referred to as AOD. AOD is a function of particle extinction efficiency (Q ext ), which depends on both particle size and absorption efficiency, and particle number concentration. Low values of AOD (< 0.1) correspond to little light attenuation through the atmo- remote, clean environments to 1.0 in areas of extreme particle concentrations (Seinfeld and Pandis, 2012) .
Discrepancies in AOD between satellite platforms are generally within uncertainty, and arise due to differences in factors such as processing methods (Abdou et al., 2005) , calibration and retrieval algorithms (Kahn et al., 2007) , and even measurement time (MODIS-Terra and MISR pass over South
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Africa between 09:00 and 11:00 LT, while MODIS-Aqua passes over between 13:00 and 15:00 LT).
In this study, AOD from MODIS Aqua and Terra are well-correlated with AOD from MISR, with
Pearson's R correlation coefficients (r) > 0.7, except in Cape Town and Bloemfontein (r = 0.36 and 0.59, respectively). Total AOD modeled by GOCART correlates well with all satellite platforms in all sites (r > 0.7). In Cape Town and Durban, MISR AOD appears significantly higher than either
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MODIS platform or GOCART. The surface at both of these sites displays a great deal of heterogeneity, with satellite grid boxes extending over both bright land and dark ocean surfaces. While estimated biases between MISR and MODIS are expected to be low over uniformly dark surfaces (Kahn et al., 2007) , assumptions about surface reflectivity tend to introduce significant discrepancies with increased surface heterogeneity (Chu et al., 2002) . MISR is less sensitive to surface characteris-tics, and so in regions with significant heterogeneity such as Cape Town or Durban, one may expect AOD from MISR to be more accurate.
Considering Fig The first and most distinct annual feature across South African metropolitan areas is the cycle in AOD, from minima during late spring and early winter (May-July) and maxima from August to October. This maximum coincides with the burning season in Southern Africa, which has been 260 identified as major regional source of transported aerosol in South Africa (Piketh et al., 1999 (Piketh et al., , 2002 Formenti et al., 2002 Formenti et al., , 2003 Eck et al., 2003; Ross et al., 2003; Campbell et al., 2003; Sinha et al., 2003; Matichuk et al., 2007; Winkler et al., 2008; Magi et al., 2009; Queface et al., 2011) . May and September and is located in the tropics (between 0 and 20 • S). These fires are massive sources of biomass burning emissions that are often transported in stratified layers aloft (Campbell et al., 2003) and this transport significantly impacts aerosol optical properties in South Africa (Formenti et al., 2002; Sinha et al., 2003; Matichuk et al., 2007; Magi et al., 2009 ). Winkler et al. (2008) demonstrated that transported biomass burning emissions represent the 270 dominant source of irradiation losses during late winter and early spring in South Africa, with the majority of scattering attributable to carbonaceous aerosols (Magi, 2009 ). Queface et al. (2011) indicated that transported fire emissions represent the bulk of column aerosol loading between August and October. Strong north-to-south gradients in AOD are observed during the burning season, with significantly higher AOD near sources, where aerosols are small, but highly absorbing and con-275 centrated (Eck et al., 2003; Campbell et al., 2003; Magi et al., 2003; Reid et al., 2005; Magi et al., 2009 ). Lower AOD is typically observed at downwind receptor sites after plumes have evolved to comprise less absorbing and predominantly Aitken and accumulation mode particles with sufficient condensed water-soluble secondary aerosol species for the particles to serve as CCN (Ross et al., 2003; Eck et al., 2003; Sinha et al., 2003; Reid et al., 2005; Chan et al., 2005; Magi et al., 2009 (LeCanut et al., 1996) .
In addition to coinciding with biomass burning, elevated AOD in August and September is corre- (Eck et al., 2003) , with sites to the north experiencing significantly higher AOD than sites in the south due to closer proximity to sources.
This suggests that while transported biomass burning aerosol has a clear impact on AOD across the 315 major metropolitan areas of South Africa (except Cape Town), this impact is nonetheless much less pronounced than for sites farther to the north and closer to denser burning sources.
As AOD is frequently used as a proxy for megacity anthropogenic particulate pollution, it is important to view results from South Africa within the context of worldwide megacities. Considering the major metropolitan and industrial areas of Gauteng and HVAPA, seasonally-averaged AOD ranged from a minimum of 0.12 in winter to a maximum of 0.17 in spring -values that are a factor of 3-6 lower than those typical of megacities and major industrial areas worldwide. Annual averages of AOD in industrialized and urban areas of Hong Kong and China such as Nanjing, the North China Plain, and Yangtze River, for example, are on the order of 0.6-0.8 (Zhuang et al., 2014; Luo et al., 2014; Zhang et al., 2014) . AOD in Mexico City ranges from a seasonally-averaged minimum of 325 0.2 to a maximum of 0.6 (Massie et al., 2006) , and in the Dheli region of India AOD ranges from a seasonal minimum of 0.4 to a maximum during monsoon season of 1.4. So while the Gauteng area and HVAPA areas are easily characterized as a megacity on the basis of remotely-sensed column NO x (Beirle et al., 2004; Lourens, 2012) , AOD is significantly lower than typical megacity areas.
3.2.2Ängström Exponent (α)
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Monthly-averagedÄngström exponent (α) from the MODIS Aqua and Terra platforms is presented in Figure 6 . α captures the spectral dependence of aerosol extinction based on measurements of AOD at two different wavelengths: α is quantized in such a way that it cannot be used as a quantitative metric for aerosol size inte-340 grated through the column Levy et al., 2010) . Instead, we interpret α results as being qualitatively indicative of the aerosol type present in the column -either fine (values close to 2) or coarse (values between 0 and 1). Due to the qualitative nature of the variable, combined with the fact that α 550/865 and α 470/660 are highly correlated (r > 0.8) in all sites, we will refer to α without specifying wavelength.
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Considering Fig. 6 , α shows trends similar to AOD (Fig. 2) . Generally there is a maximum in α of 1.0-1.8 during spring and through summer, gradually decreasing through fall to reach a minimum of 0.6-1.0 during winter. This suggests that fine particles are most abundant in the column in spring when biomass burning impacts South Africa, agreeing with previous results suggesting that aerosol plumes transported to South Africa tend to be characterized by mainly Aitken mode (0.01-0.1 µm)
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aerosol (Maenhaut et al., 1996; Eck et al., 2003; Formenti et al., 2003; Reid et al., 2005) . α remains high through the hot, photochemically intense summer months, when significant fine, secondary sulfate, nitrate, and organic aerosol is produced from abundant industrial emissions of SO 2 , NO x , and VOCs, respectively (Maenhaut et al., 1996; Piketh et al., 1999; Hirsikko et al., 2012) , and when as many as 86% of days in industrial areas display new particle formation (Hirsikko et al., 2012) . This
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is in contrast to the dry winter months, when α is low and it appears as though particles above the major metropolitan areas of South Africa tend to be larger -perhaps with a greater contribution from dust or large soot particles. α is relatively constant throughout the year in Cape Town, indicative of a consistent aerosol size distribution resulting from clean, marine airmass origin and fairly constant local generation of marine aerosol. At the other coastal site (Durban), α is similarly high throughout 360 the year, but displays a strong seasonal biomass burning signal in spring owing to its location nearer major sources of small biomass burning particles in local sugar cane fields and in Zimbabwe and
Mozambique.
In addition to a clear impact on α by transported biomass burning emissions, maxima and minima in α are highly correlated with CWV in all regions except Cape Town (Figure 4 ; 0.64 < r < 0.98).
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This result agrees with Kumar et al., 2013 , who found that CWV correlated well with α, but not AOD. The relationship between CWV and α is unlikely to be causal, but rather coincidental since wet summer months tend to have less dust generation (fewer large particles and higher α) and enhanced secondary photochemical aerosol production (more small particles and higher α). Overall, α for inland sites (Bloemfontein, Gauteng, HVAPA) is significantly lower on average than for coastal sites
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(Cape Town and Durban), with α < 1 for much of the year. This supports previous findings that coarse particles such as dust form an important contribution to column aerosol loading, and appear to dominate the aerosol size distribution at inland sites (Maenhaut et al., 1996; Piketh et al., 1999; Hirsikko et al., 2012) .
Values of α reported here are lower than previously reported in Southern Africa, primarily because 
Ultraviolet Aerosol Index (UVAI)
Month averages of Ultraviolet Aerosol Index (UVAI) from the Total Ozone Mapping Spectrometer
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(TOMS) are presented for each region in Figure 7 . UVAI is a qualitative metric based on the difference between the ratio of absorbing and non-absorbing spectral radiance ratios provided by satellite observations and model calculations. High values of UVAI are associated with high concentrations of strongly absorbing aerosols -namely UV-absorbing soot, smoke, and mineral dust (Hsu et al., 1996) , as well as ash and brown carbon. UVAI reaches a maximum of 1.0-1.2 in spring and remains 390 high through summer before decreasing to a minimum of 0.7 during winter. This trend highlights the influence of strongly-absorbing biomass burning and dust aerosol, which are most prevalent through spring. Trends in UVAI generally follow those of AOD (Fig. 2) and exhibit good correlation with MISR AOD (r~0.6), except for the Cape Town region where marine aerosol appears to dictate column aerosol properties. The only statistically significant difference between sites is observed in
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Durban during August and September, when UVAI is elevated relative to other sites owing to significant emissions of strongly-absorbing biomass burning emissions from local sugar cane burning (LeCanut et al., 1996) .
Goddard Ozone Chemistry Aerosol Radiation and Transport (GOCART) model
GOCART model results estimate the contribution of dust, black carbon, organic carbon, sulfate,
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and sea salt to total column AOD, based on global emissions inventories (Chin et al., 2002) . Total estimated GOCART AOD is presented in Fig. 2 , and the fraction of AOD attributed to each modeled constituent is displayed in Figure 8 . The monthly-averaged fractional contribution of each aerosol component is very consistent across sites, displaying high r for individual components (i.e. dust in Joburg compared with dust in Durban for a particular month); typically~0.9. Only Cape
405
Town exhibits a unique trend, owing largely to the significantly larger modeled contribution of dust throughout the year. Modeled dust enhancement in Cape Town is especially pronounced from May through July, when emissions inventories include a large contribution from windblown dust from the nearby Namib Desert. Such an enhancement in the contribution of dust would presumably result in an enhancement in UVAI during May-July and a general trend of elevated UVAI in Cape Town,
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which is not observed in the data. Further, GOCART results do not capture the enhancement in dust aerosol expected in late winter to early spring (JAS) based on AOD, UVAI, and enhanced ground wind speed in dry conditions. We therefore suggest that GOCART emissions inventories either significantly overestimate dust in Cape Town or underestimate dust emissions for the rest of South Africa. Given the consistent UVAI across sites in Fig. 7 , the strong potential for dust generation in 415 early spring when winds increase but before precipitation arrives, and previous work indicating that > 70% of coarse and > 40% of fine particle mass is contributed by dust at sites in the Eastern Cape and Highveld (Piketh et al., 1999 (Piketh et al., , 2002 , we suggest that GOCART significantly underestimates dust as an aerosol source over the majority of South Africa.
Ground-based sampling results
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Ground-based air quality data were obtained through monitoring networks within the Gauteng satellite grid box comprising the cities of Johannesburg and Tshwane (Pretoria). stay within a less stable boundary layer, resulting in mixing of emissions down to the ground. The average monthly ratio of PM 2.5 to PM 10 was calculated for sites with both parameters, and there is no statistically significant monthly trend, suggesting that fine particles comprise a relatively consistent fraction of total particulate concentration throughout the year, despite large changes in overall particulate concentration.
455
Diurnal averages of PM 10 and PM 2.5 for each season are presented in Figure 11 . PM 10 and PM 2.5 concentrations have been normalized by the maximum hourly average for each site for the entire year (typically 19:00-21:00 LT during winter), with the average concentration (in absolute magnitude) for each type of site displayed in the third row of diurnal plots. As was evident in monthly PM data, the highest concentrations occur in township areas where domestic burning is respectively, with evening PM 10 maxima averaging in excess of 400 µg/m 3 at some sites.
That these diurnal patterns of enhanced PM concentration in morning and evening discernible in all seasons is evidence that domestic burning impacts air quality in South Africa throughout the year, but the significant enhancement in PM during winter underscores the fact that increased burning during cold months within shallow boundary layers consistently leads to dangerous concentrations 470 of particulates -particularly in the lowest-income residential areas. It should be mentioned that the observed diurnal patterns may also reflect some contribution from on-road emissions -either primary combustion or vehicle-associated dust particles. However, the high density of domestic burning and relatively low density of vehicles in townships compared with other areas suggests that these on-road sources should be minor compared with primary burning emissions. The diurnal ratio of PM 2.5 to
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PM 10 is displayed in Figure 12 , and reaches a maximum at all township sites during burning periods, indicating that morning and evening domestic burning activity tends to be a source of small particles.
Average diurnal profiles for each site type are presented in Figure 13 , and diurnal and monthly maxima, minima, and mean values for both PM 10 and PM 2.5 are presented in Table 3 . On average, PM concentrations in townships are 51% higher than urban/suburban residential sites and 78% immediate vicinity of emissions. This result indicates that domestic burning PM source strength in low-income areas is highly variable, depending on factors such as the availability of electricity, the method of burning coal or wood, and thermal efficiency of homes.
Data from two township sites (Alexandra and Bodibeng) have diurnal trends that do not conform to the typical morning and evening PM enhancements typical of low-income areas, and represent
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intriguing qualitative case studies in the impact of township evolution and informal commercial activity within the township context. Both townships are well-developed, and electricity is the primary fuel used for heating and cooking in households. Qualitatively speaking (data are not available), both townships a high density of informal food vendors that cook almost exclusively over open flames using inefficient three-stone fires which emit large concentrations of particulates (Bond et al., 2004) .
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Vendors start cooking in the early morning and continue throughout the day and into the evening, which may be the source of the diurnal PM profile which does display moderate concentration enhancements in morning and (more pronounced) evening, but with elevated PM concentrations at midday as well.
3.4 Satellite data as a proxy for air quality
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As discussed above, while there is a trend of using remotely sensed data as a proxy for air quality at the ground, it is necessary to evaluate the appropriateness of this practice in each individual area. AOD and UVAI. However, the highest PM concentrations occur at the ground during winter months, when AOD and UVAI are at a minimum, while the maxima in AOD and UVAI tend to occur during spring and into the summer, when deeper boundary layers and an absence of domestic burning result PM concentration minima. The correlations between PM concentration and α are statistically significant (except in industrial areas), with low α (larger particles in the column) corresponding 520 to higher concentrations at the ground. We suggest that this correlation is coincidental, however, with higher concentrations at the ground corresponding to domestic burning and occurring in winter, when larger dust particles appear to be more prevalent in the column. To our knowledge, this is the first published study to report such generalized disagreement between remotely-sensed aerosol properties and PM concentrations at the ground.
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There are a number of reasons for the discrepancy between ground and satellite data in metropolitan areas of South Africa. First, and most important, there is strong potential for vertical inhomogeneity to result in a disconnect between column and ground aerosol properties. For example, Campbell et al. 2003 and Chand et al. 2009 indicated that biomass burning emissions from fires in the tropics tend to be transported to South Africa in stratified layers aloft, and Tyson et al. 1996 530 found that there are frequent, persistent absolutely stable layers at 3 and 5 km above much of South Africa, increasing the potential for stratified plumes of pollutants above the ground. While concentrated plumes of particles in stratified layers above the ground would impact column aerosol properties, they would not affect ground concentrations of particulates unless atmospheric instability caused those particles to be vertically mixed into the planetary boundary layer and to the surface.
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Therefore, characteristics of column aerosol properties are not necessarily indicative of any trends in ground PM concentrations -particularly in South Africa's stratified atmosphere.
Next, the highest concentrations of particulates in South Africa are observed during winter, when domestic burning emissions are released into an extremely shallow boundary layer, often on the order of 50 m or less (Tyson et al., 1996) . Because these emissions are confined in a layer so close 540 to the ground, it is unlikely that satellite retrievals are able to resolve the difference between the concentrated aerosol layer and the ground itself.
Third is the issue of temporal resolution. Figure 15 shows average wintertime PM 10 and PM 2.5 diurnal profiles for each site type, with shaded boxes representing the time window in which MODISTerra, MISR, and MODIS-Aqua instruments pass over South Africa. MODIS-Terra and MISR
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(09:00 to 11:00 LT) tend to pass over South Africa on the tail end of enhanced PM concentrations from morning domestic burning, while Aqua's pass over time (13:00-15:00 LT) coincides with the minimum PM concentrations of the day. While PM concentrations tend to be elevated throughout the day in all sites during winter, the average daily, weekly, and winter PM concentrations at the ground are strongly influenced by morning and evening maxima that are not observed by satellites. There-550 fore, the discrepancy between satellite passover times and elevated PM concentrations indicates that remotely sensed data are unlikely to capture the trend of significantly enhanced PM concentration at the ground.
Finally, spatial resolution may be a factor prohibiting satellite data from appropriately representing ground PM concentrations. PM concentrations between township, suburban, and industrial sites just 555 a few km apart are significantly different (Fig. 10) , underscoring the significant local variability in PM concentrations resulting from unique source density in each area. Satellite measures of aerosol properties must be averaged over spatial scales on the order of 1 • X 1 • , which includes many areas with low overall concentrations and areas (e.g. urban/suburban residential and industrial in Fig. 13) where the discrepancy between seasonal profiles of PM do not vary significantly in magnitude. These 560 highly localized gradients in PM at the ground occur on scales much smaller than the resolution of level 2 data available from MODIS-Aqua and MODIS-Terra, and indeed level 2 data display no better correlation than the level 3 data presented in this work.
Overall, the problem of extreme PM concentrations at the ground appears to be a highly localized one impacting primarily low-income areas of South Africa, and the vertical integration, low time Overall, satellite data provide a good representation of large-scale, regional, and seasonal trends in column particulates across South Africa.
Ground air quality results are based on PM data from 19 sites in Gauteng province, which is the most significant population and industrial center of South Africa. Ground monitoring sites fall into 4 595 categories: township areas with close proximity domestic burning, urban/suburban residential areas, industrial areas, and traffic sites directly adjacent to major on-road sources. Based on monthly averages, townships experience 51 and 78% higher PM 10 concentrations than urban/suburban residential and industrial areas, respectively. This quantitatively confirms previous studies indicating that the poorest air quality in South Africa is found in low-income areas (e.g., Engelbrecht et al., 2000 Engelbrecht et al., , 2001 Engelbrecht et al., , 600 2002 FRIDGE, 2004; Pauw et al., 2008 
